In the present paper we present some results of our research on the RFTA (Radio Frequency Thermal Ablation) simulation: in particular the steps performed for the validation of the numerical model. We performed a series of RFTA experiments on pig liver tissue as accurate as possible, at different powers, measuring the time evolution of temperature in selected points and impedances, to be taken as a reference to compare the output of different numerical models. We present the results obtained with a basic simulation model (shortly described) assessing the need to account for the change of the tissue electrical resistivity with temperature. We then underline the need of getting a deeper insight in the phenomena that bring to the power suspension thus limiting the extension of the necrotized tissue. At the end we suggest a line for the future development of the research.
Introduction
The radio-frequency thermal ablation (RFTA) of liver tumours is a procedure, first introduced for liver disease treatment [1] , nowadays successfully employed for the treatment of tumours in several other organs, e.g. lung, prostate, pancreas, bone [2, 3] . As it is well known, the procedure consists in necrotising the tumour cells by means of the heat deposed into the tissue via Joule effect, through a RF electromagnetic field applied between a small electrode placed in the centroid of the tumour and an external electrode with great surface area positioned on the skin. The energy is deposed mainly near the small active electrode (also called conductive tip or probe). When the tissue is heated to 60-65°C cells necrotisation occurs due to proteins' denaturation: the liquid is free to flow through the tissue as in a permeable medium then, at higher temperatures, vapor bubbles are formed close to the active electrode as a result of liquid evaporation and boiling. Such a situation brings the procedure to an end by electrical continuity breakdown. Since the necrotised volume depends on the amount of energy introduced, it is essential to understand and simulate, with proper detail, the physics of the phenomena leading to power suspension. Most RFTA models and numerical simulations found in literature describe the phenomena only during the heating phase without addressing the issues related to the events that lead to power interruption [4, 5] . In most of these studies the focus is the detailed discretisation of the geometry, the effects of particular probes and the effects of large vessels near the ablation zone. After a reasonable study of the available bibliography on the simulation, we deened necessary: -to take into consideration the change of the electrical resistivity with the state of the tissue, i.e., with the temperature, and account (even in simplified way) for its increase due to free water boiling and tissue carbonization which cause the end of the procedure for impedance excess; -to evaluate the model physical parameters experimentally; -to check the simulation results by a systematic comparison of the values of status variables computed and measured during RFTA experiments. Trying to pursue these goals we had to cope with several problems, of both theoretical and experimental / operational nature. Working ex vivo, the first difficulty is the replicability of the experiments. Essentially, we can handle only bovine or pig livers, with little control of their freshness. Every experiment needs a different specimen: the characteristics not only change from liver to liver, but even from part to part of the same liver, due to the different vessel structure and density in different lobes. First we worked in two dimensions (2D), with relatively thin slices, to control the homogeneity of the tissue, and get a first insight on the performance of the model. Nevertheless, by this way we introduced undesired heat losses through the boundaries, enhanced by the unrealistic loss of free water from the cut surfaces. In the present work we deal with 3D ex vivo experiments and their numerical simulation. As to the experiments, in the attempt to get a reasonable replicabability, we worked on suitably composite tissue samples. Then we decided to repeat the same experiment several times, with the same conditions (sample geometry, power, active tip, position of the thermal sensors, etc), and to compare the measured variables to define their range of variation. Then we performed experiments with several powers, to assess whether the inhomogeneity effects have the same relative weight. As to the simulation: we employed the most basic empirical model to simulate the vaporization effects as described in [6] to check the limits of its applicability and the need of problem calibration of the parameters. A short recall of the numerical model is presented in the Appendix. In the following: (a) we first describe the experimental setup, the operational procedures and the data handling; (b) then we present and discuss the results; (c) finally, we compare the measured data to the simulation results.
Experimental setup and procedures

Sample chamber
The sample chamber (SC) was designed with the purpose of assuring the best possible replicability of the tests, having care: -to fix the geometry of the tissue sample; -to assure the thermal insulation of the sample from the external environment during the procedure, to avoid energy losses; -to allow a rather easy handling of the specimen (insertion and extraction); -to take the thermal measures exactly in the same geometrical position for all the experiments. The device (Fig.1) consists in a vertical cylindrical polystyrene chamber with electrically conductive inner surface (PE). The chamber frame (Fb) lays on the lower removable basis (Fa), which is rigidly connected to the active tip (AT) and two thermal sensors (T1, T2). Therefore the sample (L) must be "constructed" inside the chamber (i.e., composed assembling several liver pieces, in such a way to fill the chamber leaving no voids) and then it is completely insulated by the cover (Fc).
The active tip AT consists of a copper cylinder with diameter of 2.5mm and active lenght L t of 2cm, while the passive electrode PE is a brass sheet 0,05mm thin. The frame, basis and cover are built by insulating material (extruded polystyrene). The NTC (Epcos B57861) thermal sensors T1 and T2 are placed at 3.5mm and 5mm radial distance from the axis, respectively, on a hard support. Pins a-d are electrical connections to the devices of the test apparatus, as in Fig.2 .
For the purpose of this study, a simple stem-type electrode was adopted as active tip for the present experiments, even if in the medical practice the active electrodes are quite dissimilar (typically hooked). The choice of rather intrusive resistive temperature sensors is forced by the presence of the RF field that overcomes the signals of much less intrusive thermocouples.
Test apparatus
The complete test apparatus is shown in Fig.2 . The sample chamber SC of Fig.1 is connected to the power section (RF generator G) and the recording section (transducer T and computer PC). The measuring section contains the current and voltage (differential) probes A,V and the oscilloscope O.
Fig.2. Test apparatus
In the 'power section', the generator G (Invatec TAG 100w at 460kHz) supplies the power for the sample chamber SC (heavy connection lines in Fig.2 ). The manual control of the generator is needed to keep the value of the applied power constant while the impedance changes during the procedure. The generator actually employed in the medical practice, automatically interrupts the power supply when the impedance exceeds the maximum of 200Ω . We define as 'procedure time' the time elapsed from the start of the procedure and the power off.
In the 'measuring section' an active differential probe V gives the tension drop on the sample (channel 1) while an induction current probe A measures the current (channel 2). The oscilloscope O displays the signals of the two channels and extracts the average value of their product, that is the applied effective power. Such value is taken as a reference for the power manual control action.
The 'recording section' acquires all signals to be recorded (thin connection lines in Fig.2 ). The analogue tension signals coming from the thermal sensors (T1,T2) and the impedance signal (directly yield from the generator), are first digitalized at sampling rate of 100 Hz by the transducer T, and stored on PC. All signals are then suitably filtered and resampled. The thermal signals are converted into temperature values through calibration curves (built with the aid of a mercury precision thermometer).
Operational procedures
Some preliminary tests suggested that the phenomenon is not substantially different if we use a single liver block sample or a composite one: procedure time and temperature growth are almost the same as the ones proved in experiments here not reported. After further experience we clearly observed that the results are strongly dependent on both the particular liver and the time and type of conservation.
As a general rule, we tried to work with livers as fresh as possible, say within two days after the animal had been butchered. The advantage of working with composite tissue samples is that we can work with more homogeneous samples in the sensible region without wasting material, provided that any insertion of air is avoided while filling the test chamber. A good compromise seemed to use a single block, accurately cut in a selected homogeneous region of the liver specimen, into which to insert the active tip and surrounding thermal sensors (sensible region), and smaller pieces to fill the chamber in the outer region, where no significant temperature growth is expected.
So the standard protocol is as follows: -we work with liver usually taken out from the refrigerator, say at a temperature of 12-18C°, trying to spend always about the same time to prepare the experiment; -we 'build' the sample in the chamber as above said (by composition), paying attention not to include air; -we measure the initial impedance to set the generator power control so to get the desired real power; -once switched the generator on, we continuously read the power displayed by the oscilloscope and adjust the generator power control, in order to keep the applied power constant, until the procedure is interrupted by impedance excess; -after removing the base and the cover, we extract and properly cut the sample, in order to detect if major vessels were present in the sensible region to shot the thermal lesion and to measure its scale .
. Experiments and results
We planned to perform experiments with fixed powers ranging from 10 to 30W. When the experiment outcome showed a strongly anomalous behaviour, usually a big vessel in the sensible region (just close the active electrode) was detected. The experiment was therefore discarded, since the homogeneity hypothesis of the specimen was obviously violated.
The dissection of the specimen at the end of the procedure allowed us to verify the form and the dimension of the thermal lesion. The thermal lesion has a grossly elypsoidal shape, with the main axis aligned with the active tip. It is detected both through the tissue colour change and its changed consistence: the injured tissue is 'harder' to a tactile inspection. F8  15  87  322  15  F8  15  83  293  16  F8  20  94  192  13  F8  20  89  160  14  F8  20  85  168  14  F8  30  97  105  12  F8  30  89  106  14  F8  30  87  91  16  F9  10  90  738  16  F9  10  87  598  19  F9  15  82  245  18  F9  15  84  238  19  F9  20  87  155  17  F9  20  81  141  18  F9  30  83  88  18  F9  30  77  79  19   Table 1 -Main characteristic of experiments As an example, we show first, in Fig.3 , the warming curves of sensors T1 and T2 for the tests performed with the liver F8.
We can observe a very strong coherence of the curves for all the different powers up to 80C°. For higher temperatures the curves show a dispersion, that is supposed to be related to the effect of the inhomogeneities in the sensible region when the vaporization / carbonization phase is reached.
It also appears clearly how the procedure time grows as the applied power lowers. In particular, we can argue that if the power would be low enough to balance the unavoidable heat dispersion, then the temperature could not reach the vaporization limit close to the active tip. In this case the phenomenon would reach a steady condition. 
Procedure time
This is the most natural parameter to analyze because, working with constant power, it directly affects the volume of the thermal lesion, that is obviously proportional to the deposed energy.
In Fig.4 the procedure time of all the experiments of Table 1 is plotted versus the applied power. In the same figure, also the results of the numerical simulation described in the following are added. The data relevant to different liver specimens are grouped together, and represented with different symbols.
Fig.4 -Procedure time versus applied power
The results of the experiments carried on with liver F5 are put on the graph too. These experiments were not reported in Table 1 : they were discarded as the control of the applied power was inaccurate. In spite of that, their data agree with the others. It also appears that the procedure time is more regular with high powers than with low powers. We can argue that inhomogeneities affect the phenomenon in the vaporization/desiccation phase for a longer time if a smaller power is supplied rather than a higher power, and the heath conduction takes a major role in the phenomenon increasing the volume of the damaged tissue. The diagram of The border of the lesion is sharp and clearly identified in high power experiments, while it becomes blurred in low powers ones (but a tactile inspection proves that the tissue is injured also in the outer region, even in absence of a sharp colour change). It is evident that the lower is the power, the longer is the procedure (Fig.4) and the larger is the lesion (Fig.5 ): consequently the higher is the amount of energy given to the tissue.
Temperature and impedance curves
The temperature curves measured by sensor T1 for all the experiments are normalized and displayed in Fig.7 , shown at the following point 3.2. Those of sensor T2 are omitted as display a similar pattern with lower values, as shown in Fig.3 .
3.2
The normalization allows to disregard the dispersion due to the different initial temperatures. 
The parameters assumed for the normalization are:
These figures show the results relevant to the same applied power (the time axis is scaled accordingly to the power). The results show a coherent trend: in particular a remarkable coherence in the patterns is observed until (often) unpredictable factors affect the outcome at the end of the procedure.
The impedance values recorded for all the experiments are then displayed in Fig.8 . After a fast initial drop (probably not physically relevant as suspected due to startup of the generator and not always present), the impedance regularly falls as the temperature increases up to the abrupt raising, consequent to the free liquid vaporization. The power interruption is characterized by an high degree of dispersion that can be disregarded by plotting the impedance versus the measured temperatures of sensor T1, as reported in Fig.8 ..
Numerical simulation
The simulation results here presented are got with a code developed for the purpose and presented in [6] . In Appendix the basic equations of the mathematical model are shortly recalled, together with the list of the variables. Here we only point out that the code allows the simulation of both the tissue warming and the vaporization / carbonization phase, and accounts for the temperature variation of the main physical properties of the tissue.
The vaporization model is a very simplified one: it is based on a reasonable computation of the local enthalpy in points where the temperature has reached the vaporization value: in the same points the growth of the tissue resistivity is then defined with an heuristic function of the enthalpy within given limits. The power suspension follows automatically when the computed impedance exceeds the limit allowed by the generator.
We point out, in particular, that the tissue resistivity is assigned as a function of the temperature, according to the curve displayed in Fig.6 , which interpolates the results of experiments performed [6] on liver samples submitted to uniform RF field at specifc powers higher than 4W/cm 3 . 
Field discretization, boundary conditions and parameters
The computational field, a cylindrical volume of a 3cm radius and 6cm height, is referred to cylindrical coordinates. The field is discretized with a uniform mesh in the axial direction which is logarithmically stretched in the radial one.
The model equations are discretized by the finite volume technique and solved by implicit method, as described in [6] . The boundary conditions are assigned as recalled in the Appendix.
The simulations of all the experiments were carried out with the following settings: power: as required by the case; initial uniform temperaure: 16C° tissue electrical resistivity: for the time of warming the resistivity is assumed varying with the temperature as in Fig.6 Table 2 . thermal parameters: specific heat and thermal conductivity are taken according to the literature values [7] : C p =3300J/m 3 C°, k ! ranging from 0.55 to 0.7 as shown in Table 2 .
Only the value of ! has been tuned to fit the procedure time. 
4.2
The numerical results are obtained tuning the control parameter ! in order to fit the mean trend of the experimental output. It can be seen that the points relevant to liver F7 are fairly out of the mean trend: a specific resetting of the physical parameters values would be needed to get their close fitting. In Fig.4 the simulated procedure times are compared to the experimental data. We can see that the general experimental trend is quite well captured by the model. In Fig.7 the computed temperature for each power is reported in full line together with the dots representing the measured data. Once again we can observe the general agreement between simulation and experiments.
In Fig.8 we can observe a similar behaviour for the impedance Z. We must observe anywhere that the control parameter is power dependent: it suggests that a better simulation strategy for the vaporization phase is desirable.
With the aim of getting a reference benchmark to validate and compare different simulation models of liver thermal ablation, we performed accurate experiments of RFTA on porcine liver, measuring temperatures close to the tip and impedance as a function of time.
We worked in three dimensions, putting the samples in an adiabatic chamber provided with fixed thermal sensors, using only pig livers as fresh as possible. We took care to put only homogeneous slices in the 'sensible' region (close to the active tip), and to repeat the experiments several times, with the same controlled power. In these conditions we performed a set of experiments that differ, mainly, by the natural difference of the liver specimens and their conservation. The results display a remarkable coherence.
As to the simulation, we proved that the phenomenon is quite well reproduced even by the assumed semplified model with minor adjustments of the physical parameters. We point out that a mandatory condition to get such results lays on assuming the tissue resistivity as a function of the temperature (which is not always the case of literature simulations). The output of the simulation is controlled esentially by the parameters relevant to the model of resistivity increase due to the vaporization of free water, while the behaviour of the warming phase seems to be quite deterministic.
In our view the model must be used as a way to generalize the experience: it cannot foresee the outcome of a particular procedure exactly, as it is largely dependent on local factors which are not accounted for, but it can give a consistent picture of how the average outcome can be influenced by factors that can be controlled, say: the power supply, the pressure effect, the active tip geometrical characteristics, and possible actions aiming at changing the physical characteristics of the tissue. Future steps of the research are needed to go deeper into the subject.
We think that a physically based simulation model must be employed to account for the state change inside the tissue (seen as a porous medium) leading to the power suspension. It will be interesting, in particular, to compute saturation and pressure increase due to the vapor formation: information of interest in some medical applications [8] .
The task is obviously difficult from the point of view of the simulation, as a complex multiphase model of vaporization inside the porous medium must be developed and employed. A major problem will be its validation with experiments that need much stronger repeatibility then that can be got with the use of the biological tissue. A proper artificial porous medium with permeability of the order of that of the injured tissue could be adopted to perform the validation experiments. The pressure measurement will be another hard problem to be solved. Anyway the considerable effort to be payed for such a modelling and its experimental validation is, in our view, justified by the realistic possibility of better controlling the procedure outcome acting on the tissue electrical resistivity by injecting some properly studied 'gel type' compound close to the active tip fit for lowering its value.
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